Interaction of light with metals in the form of surface plasmons is used in a wide range of applications in which the scattering decay channel is important. The absorption channel is usually thought of as unwanted and detrimental to the efficiency of the device. This is true in many applications, however, recent studies have shown that maximization of the decay channel of surface plasmons has potentially significant uses. One of these is the creation of electron-hole pairs or hot electrons which can be used for e.g. catalysis. Here, we study the optical properties of hetero-metallic nanostructures that enhance light interaction with the catalytic elements of the nanostructures. A hybridized LSPR that matches the spectral characteristic of the light source is excited. This LSPR through coupling between the plasmonic elements maximizes light absorption in the catalytic part of the nanostructure. Numerically calculated visible light absorption in the catalytic nanoparticles is enhanced 12-fold for large catalytic disks and by more 30 for small nanoparticles on the order of 5 nm. In experiments we measure a sizable increase in the absorption cross section when small palladium nanoparticles are coupled to a large silver resonator. These observations suggest that heterometallic nanostructures can enhance catalytic reaction rates.
INTRODUCTION
Interaction of light with metals in the form of surface plasmons is used in a wide range of applications, such as biosensing, 1-3 photodetection, 4, 5 waveguiding,, 6, 7 light emission 8, 9 and materials science. 10 These applications require that the scattered component (alternatively, transmission) is maximized in order to achieve superior working parameters. The absorption decay channel is in this context thought of as parasitic and usually every effort is made to minimize it. However, recent work has shown that the absorption decay channel of surface plasmons has interesting and potentially significant uses. For example, it has been demonstrated that localized surface plasmons can excite hot electrons in metals, [11] [12] [13] which can later be utilized in a number of ways. One of the most exciting ones is plasmon-assisted photocatalysis.
14 Plasmon-assisted photocatalysis on noble metals has the benefit of providing hot electrons via the localized surface plasmon resonance (LSPR) and simultaneously the catalytically active site. 15 However, noble metals (narrowly defined as the classic plasmonic metals Au and Ag) are limited in terms of their catalytic properties and other materials, such as transition metals, offer a wider range of reactions catalyzed by their surfaces. 16 Unfortunately, transition metals exhibit rather poor plasmonic properties (low field enhancements, low resonance quality factors) and additionally exhibit LSPRs only in the UV for nanometer-sized particles. 17 This mismatch between the LSPR and the solar maximum implies low solar harvesting efficiencies. A natural solution to this problem is to shift (enhance) the plasmonic activity of poor metals into the visible.
Here, we describe recent results of optical properties of hetero-metallic nanostructures designed in such a way as to enhance light interaction with the catalytic elements of the nanostructures. We excite a hybridized LSPR that matches the spectral characteristic of the light source and at the same time maximizes light absorption in the catalytic metal element of the nanostructure. We show that visible light absorption in the catalytic nanoparticles can be enhanced by more than one order of magnitude, depending on the metal. However, such model systems with large catalytic particles are not feasible, since the available surface-to-volume ratio is not optimum. Catalysis is much more efficient when an active material is dispersed in the form of nanometersized particles. Thus, in the second part of our work we investigate coupling between a large silver disk and random arrangements of nanometer-sized palladium nanoparticles. For a random array of Pd nanoparticles the average enhancement is on the order of 10, while the maximum exceeds 30. These effects of enhanced absorption imply that whenever the decay channel in a catalytic material leads to generation of hot electrons or electron-hole pairs, then by coupling this material with good plasmonic resonators it is possible to enhance absorption in the catalyst. Ultimately, this may lead to enhanced catalytic reaction rates for light absorption limited processes.
METHODS

Numerical calculations
All numerical calculations are carried out using the finite-difference time-domain (FDTD) method with a commercial code implemented by Lumerical, Inc., Canada. The good resonator, whose role it to collect efficiently incident light, is made of silver and has a varied radius r 1 from 50 to 80 nm. The reason for varying its radius is to scan the LSPR across the peak of the solar spectrum. In the first case when both disks are large (Fig. 1a ) the top disk is made of either Pt, Rh, Ru, and V, which are all good catalytic materials, but poor plasmonic metals. Both disks have the same thickness h = 20 nm and the second one has a variable radius r 2 from 10 nm to the size of the bottom Ag disk. We vary the separation distance d to see how the absorption enhancement is affected by the strength of the coupling. d = 0, 10, and 20 nm. The aim is to discover how different material properties (permittivity) affect coupling and absorption.
The second part of the study is conducted for one large disk that is surrounded by one (in calculations) or more (in experiments, details to follow in next section) palladium nanoparticles. The Ag nanoantenna for coupling light into the Pd has a variable radius R from 30 to 90 nm and its thickness is 20 nm. The Pd nanoparticle is in the shape of a disk 4 nm in diameter and 3 nm in height -its size is based on TEM images of Pd nanoparticles fabricated for sintering studies. 18 We move the Pd nanoparticle around the Ag disk to probe the spatial response to the presence of the catalytic material. The probing positions are obtained by first dividing the cross section normal to the base of the disk into equidistant segments whose length along the base is ∆ r and along the side ∆ s -see Fig. 1d for details. Each point chosen this way defines a circle with a certain radius. These circles are then further divided into azimuthal segments ∆ φ in length. Due to symmetry we only need to calculate one-eighth of the total points. For the R = 30 nm disk we run 70 calculations (corresponding to 1 8 of all points) and for 140 for the largest 90 nm disk. This way we obtain an array of positions which denote positions at which we place the Pd nanoparticle for absorption enhancement studies. In a real catalytic process the Ag disk would have to be protected from the harsh reactive environment by a thin spacer. We mimic this by setting a separation between the Pd and Al to l = 5 nm.
FDTD calculations are done with total-field/scattered-field linearly polarized excitation and absorbing boundary conditions. We use a nonuniform mesh with a minimum step of 1 nm around the large disks and 8 nm far away from them with a graded transition region. The palladium nanoparticles are meshed with a step of 0.5 nm. The time step is calculated from Courant's stability criterion. All permittivities are taken from literature.
19 Figure 1b ,c presents the real and imaginary parts of permittivity of the metals used in the multi-metal study of the first part.
Absorption enhancement is calculated by evaluating the product of the imaginary part of the permittivity of the material in question and the field intensity present in its volume. We calculate wavelength-dependent absorption enhancement A λ , which is defined as the ratio of absorption in the catalytic element of the nanostructure to absorption in the same catalytic particle placed in vacuum, and wavelength-integrated (total) absorption enhancement according to
where the integrations run over the spectral range used in our calculations, i.e. from 280 to 1200 nm. Here σ * a (λ) and σ a (λ) are the absorption cross sections of coupled and uncoupled catalytic particles, respectively, and s(λ) is the spectrum of the light source, in our case the solar spectrum.
Experimental methods
The samples are fabricated on borosilicate glass substrates. Amorphous arrays of Ag nanodisks are made using hole-mask colloidal lithography, 20 which utilizes self-assembly of charged polystyrene nanobeads to produce an evaporation mask. Silver is evaporated onto the substrate through this mask using physical vapor deposition. The morphologies of the Ag disks and the array as a whole are dictated by the polystyrene beads. Following the Ag nanodisk fabrication a 5 nm Si 3 N 4 layer is deposited on the sample by plasma enhanced chemical vapor deposition. The last step is the formation of Pd nanoparticles by evaporating a thin non-covering Pd layer (nominal thickness of 4Å) on top of the samples. Because of poor wetting between the Si 3 N 4 surface and palladium, nanoparticles are formed. We made samples with three diameters: 64 nm, 127 nm, and 167 nm, all having a height of 20 nm. In each case three different samples are made: one reference sample with only Ag disks and the Si 3 N 4 layer, a second reference with a Si 3 N 4 layer and Pd, and a full coupled structure of Ag disks, Si 3 N 4 layer, and Pd particles. The Si 3 N 4 layers are included in all samples to assure that its influence on the plasmonic properties as well as the wetting between the Pd and the sample is the same in all cases. By itself, the 5 nm Si 3 N 4 layer shows no appreciable absorption in the studied range.
Optical extinction and absorption spectra of the samples were measured with a Varian Cary 5000 spectrophotometer. The absorption efficiencies were measured using an integrating sphere accessory, Varian DRA 2500. The samples were mounted in the center of the DRA for transflectance measurements. Scattering spectra are calculated from the difference between extinction and absorption spectra.
INCREASING LIGHT AND PLASMON ABSORPTION IN CATALYTIC METALS
Silver has, in comparison to many other metals, a relatively low plasma frequency. If one factors in interband absorption that is present below ca. 350 nm, then it is clear why its LSPR of small ca. 20 nm particles does not shift too far into the UV. In contrast, many other non-noble transition metals, many of them characterized by large losses, have relatively large plasma frequencies and as a result their plasmon resonances for particle sizes in the 20 nm range are shifted further into the UV than for silver. 17 From the electromagnetics point of view there is no right or wrong when it comes to the spectrum at which a particle resonates. Indeed, plasmonics in the UV with the poor metals (due to their large losses in the visible), especially aluminum, are quite promising for e.g. enhanced UV SERS with the only limiting factor being available light sources.
SERS is, of course, hardly the only application for plasmonics. A recently opened up field is plasmonenhanced catalysis on metal nanoparticles. 21 This and other early works focused on noble metals which are Despite a large variation in permittivities (up to one order of magnitude) the absorption enhancement of the various metals is relatively similar. Despite an increase of the size of the Ag nanoan-tenna absorption enhancement in Rh, Pt, and V remains almost unchanged and only shows an increase in Ru. The enhancement order of Ru > Rh > Pt > V is directly related to the optical spectra of single disks, which are dictated by their plasma frequencies.
rather poor catalytic metals, 16 but having a very good plasmonic response makes for excellent proof-of-concept. Other transition metals are excellent catalysts and therefore it is of interest to study their plasmon-assisted photocatalytic properties. A potential and for practical purposes limitless source of energy is the Sun, however, due to the large plasma frequencies of catalytic metals their plasmon response does not overlap the solar spectrum. Thus, shifting their plasmonic activity into the visible spectrum is important from an applications point of view. 22, 23 Here, we show how to do just this using hybridized hetero-metallic nanostructures 24 which utilize a low-loss nanoantenna to collect incident light and direct it into LSPRs on the catalytic metal nanoparticles.
Coupled nanostructures with large catalytic metal elements
We begin by coupling relatively large catalytic metal nanoparticles to a silver nanodisk with a variable radius. The best results, i.e. largest absorption enhancement, is achieved for rhodium. Depending on the separation between the two disks, local enhancement varies from ca. 28 (d = 0 nm) to only 6 for d = 20 nm, see Fig. 2 . The absorption enhancement bands trace the plasmon resonance of the silver disk. When the Ru disk touches the silver disk, large enhancement is only observed for small r 2 . The reason for that is that under touching conditions there is only one plasmon mode which is mostly centered in the silver, while it avoids the Ru part. The other issue is that when the Ru disk becomes big, it dampens quite severely the plasmon decreasing absorption enhancement. When the Ru disk is moved away from the Ag disk, the enhancement decreases and at the same time the peak moves toward larger r 2 values and simultaneously decreases in value. Other metals have lower enhancements. Figure 3 presents total absorption enhancements (wavelength-integrated) for the four metals and for d = 0 nm, since for this separation distance the largest enhancement for Ru was calculated. Qualitatively all the plots for different silver disk radii look the same with Ru exhibiting the largest enhancement and the remaining three metals falling behind. The enhancement value order Ru > Rh > Pt > V and magnitude changes are surprising at first when one considers the dielectric function of the materials, some of which differ by up to an order of magnitude. However, their optical spectra explain the reason for this behavior. 23 The observed enhancement order is the same as that of the plasma frequencies as observed qualitatively based on absorption efficiencies. Ru has the largest plasma frequency and correspondingly has large absorption enhancement. Following is Rh, then Pt, and finally V.
Absorption enhancement in nanometer-sized palladium nanoparticles
Results of the analysis of absorption enhancement in a palladium particle driven by plasmonic sliver nanodisks of varied diameters are shown in Fig. 4 . Absorption is proportional to the square of the electric field in the lossy material, thus absorption in Pd is maximum when the driving field it is paced in is the largest. This occurs at positions aligned along the polarization which determines the orientation of the induced dipole in the silver nanoantenna. This is observed in Fig. 4a , where we show 3D absorption enhancement maps for 60 and 120 nm diameter disks -note how the maximum enhancement is aligned along the x-axis. The strength of the enhancement depends on the size of the disk, as made evident in Fig. 4b , where we plot minimum, maximum, and average absorption enhancement. They become larger as the radius increases up to 60 nm when they reach their respective peak values, and then decrease.
In an experiment employing this proposed scheme we expect that positioning of the palladium nanoparticles would be random and, depending on their dimensions (both Ag disk, and catalytic particles), anywhere from the low teens to a few dozen Pd particles will be present near the nanoantenna. The exact number depends on fabrication conditions. In all probability, there will be no control of the Pd particle positioning, thus we are mostly interested in the average absorption enhancement. In the theoretical analysis this value varies between 7 and 12, depending on the Ag disk size.
This resonant character of absorption enhancement directly stems from the resonant properties of the silver nanoantenna. It is known from optical theory that scattering, while lower at short wavelengths, compared to the scattering particle size, is smaller than absorption, while for longer wavelengths the situation reverses. For a resonance that occurs at high frequencies more energy in the nanoantenna is lost due to absorption, than scattering, yielding less energy to be coupled into the palladium particle. Moreover, as the particle size increases retardation begins to play an increasingly important role lowering the near-field enhancement and, as a consequence, lowering absorption.
The second factor contributing to the absorption enhancement peak is matching the solar spectrum maximum to the size of the driving silver nanodisk. Since absorption is proportional to the square of the electric field, it is optimal to use a nanoantenna which will offer maximum near-field enhancement at the peak of the solar spectrum. This is achieved when extinction peaks around 500 nm. Maximum, average, and minimum absorption enhancement as a function radius exhibit a peak at R = 60 nm due to retardation limiting the available field enhancement. Randomly deposited Pd particles (only one per silver disk) in an ensemble will experience the average which is 7.6 for R = 30 nm and reaches 12.3 for 60 nm. Maximum enhancement for R ≥ 60 nm saturates and then decreases slowly, however, average enhancement drops more quickly because for an increasing radius the relative area with low enhancement is correspondingly larger than for small disks.
To test the feasibility of using near-field coupling to increase absorption in Pd nanoparticles we have performed absorption measurements on the samples we fabricated. Absorption efficiency measurements are shown in Fig. 5 for disks 64, 123, and 167 nm in diameter. In each plot we present three measurements -absorption in an only-Ag array (blue line), in palladium nanoparticles only (red line), and absorption in a coupled Ag-Pd nanostructure (black line). To be able to assert whether coupling increases absorption, we show, using a dashed line, the sum of absorption separately in Ag and in Pd. For the 123 and 167 nm disks absorption in the coupled case is clearly larger than then sum. This translates into much larger absorption in Pd. For the smallest disk, 64 nm in diameter, the sum and the coupled absorption are close in amplitude, but shifted by a few nanometers. In effect the short-wavelength part of the coupled peak is below the sum, while at the long-wavelength side it is larger. This suggests that also in this case absorption in palladium in at least part of the spectrum is enhanced. Exact quantitative measurements of absorption in only part of the coupled nanostructure are at this point not possible, so ideally a potential proxy experiment would be measurement of catalytic reaction rates on such nanostructures with and without light, as well as with Pd nanoparticles coupled to Ag disks and being uncoupled. Attempts at making such experiments are ongoing.
SUMMARY AND CONCLUSIONS
Using FDTD calculations and experimental measurements we have shown the limits of absorption engineering for a variety of catalytic metals and identified that one important reason behind varied absorption enhancement in different metals is the value of the plasma frequency. The larger it is, the more one can enhance light absorption in a catalytic metal nanostructure by coupling it with a good plasmonic resonator. Wavelengthaveraged absorption enhancements yield values approaching and potentially exceeding one order of magnitude.
We have also investigated absorption enhancement in nanometer-sized nanoparticles made of palladium coupled to a silver nanoantenna (Pd nanoparticle being much smaller than the Ag nanodisk). Average positiondependent absorption enhancement in palladium in the optimum case reaches also one order of magnitude for the case when the Ag nanodisk's LSPR matches the position of the solar maximum. Using these numerical experiments as a basis, we have devised a series of experiments to verify the FDTD calculations. Having Figure 5 . Absorption efficiency of Ag, Pd, and Ag-Pd nanostructures. Ag nanodisks have diameters 64, 123, and 167 nm. The blue line is absorption in Ag nanodisks alone, the red line absorption in Pd alone, the dashed line is a sum of absorption in Ag and Pd, the black line is absorption in an Ag-Pd coupled nanostrufture. Note, that in all cases (least visible for 64 nm disks) absorption in the coupled structure is considerably larger than than the sum of absorption in Ag and Pd. Hence, absorption in Pd nanoparticles near the Ag disks is larger than in Pd alone. This is due to coupling between the Ag disks and the Pd nanoparticles.
fabricated Ag-Pd coupled nanostructures, we have measured the absorption efficiency and obtained that absorption in a coupled nanostructure is larger than the sum of absorptions in Ag and Pd separately. This is strong evidence of increased light absorption in the catalytic palladium nanoparticles.
